Abstract. The present study aimed to investigate the effects of downregulated caveolin-1 (Cav-1) expression on nitric oxide (NO) production in lipopolysaccharide (LPS)-damaged primary human umbilical vein endothelial cells (HUVECs) in a model of coronary artery spasm (CAS) microenvironment induced by acetylcholine (ACh) treatment. Small interfering RNA (siRNA)-mediated Cav-1 downregulation in HUVECs was confirmed by western blotting. The cell viability and superoxide dismutase (SOD) inhibition in HUVECs incubated with LPS (0, 10, 25, 50, 75 and 100 µg/ml) were measured by cell counting kit-8 assay and a SOD kit, respectively. Intracellular Ca 2+ [(Ca 2+ )i] in Fluo4-acetoxymethyl ester-loaded cells was detected by fluorescence microscopy. NO levels in the cell culture supernatants were measured by the nitrate reductase method. The results indicated that transfection with Cav-1 siRNA, in particular siCav-1 (2), downregulated the Cav-1 protein expression. LPS at a dose of 75 µg/ml induced a significant decrease in HUVECs/si-NC and HUVECs/siCav-1 viability compared with the other concentrations of LPS. Compared with the effects of untreated cells, SOD inhibition in HUVECs/si-NC and HUVECs/siCav-1 was significantly decreased by LPS (75 µg/ml). In addition, ACh stimulation caused a greater increase in [Ca 2+ ]i in HUVECs/si-NC as compared with LPS-treated HUVECs/si-NC. ACh stimulation also induced significantly higher NO levels in LPS-treated HUVECs/siCav-1 compared with LPS-treated HUVECs/si-NC cells (P<0.05). In conclusion, the downregulated Cav-1 expression served a key role in NO production in the in vitro model of CAS induced by ACh stimulation of LPS-damaged HUVECs.
Introduction
Coronary artery spasm (CAS) serves an important role in the pathogenesis of numerous myocardial ischemic disease, including stable angina, unstable angina, acute myocardial infarction and sudden cardiac death (1, 2) . The pathogenesis of CAS occurs through a complex mechanism that involves endothelial dysfunction, inflammation, hyperactivity of smooth muscle cells and other factors (3, 4) . However, the specific regulation of CAS remains to be elucidated.
Nitric oxide (NO) is generated from L-arginine by constitutive endothelial NO synthase (eNOS) (5) . In the vasculature, the bioactivity of eNOS and NO is regulated by the caveolins, which are scaffolding/regulatory proteins that are particularly abundant in the endothelial cell plasma membrane (6, 7) . Caveolin-1 (Cav-1) is the most important caveolar coat protein involved in the control of vascular reactivity by combining with eNOS (8) . eNOS binds to Cav-1 via the caveolin scaffolding domain, which is located at amino acids 350-358 (9) . This interaction leads to the inhibition of eNOS activity, resulting in a decrease in the basal release of NO (10) and increase in the cardiovascular tone (11) .
Endothelial dysfunction is characterized mainly by a reduction in eNOS-derived NO production and bioactivity (12) , as well as an imbalance between the endothelium-derived relaxation factor and vasoconstrictors. Previous studies have demonstrated endothelial dysfunction at the site of a CAS (13) . Therefore, maintenance of the release and bioactivity of NO in the endothelial environment is important in preventing CAS. Previous studies have demonstrated that eNOS becomes hyperactivated in the absence of Cav-1, leading to marked vascular relaxation (12, 14, 15) . Thus, CAS may be caused by decreased NO release as a result of eNOS inhibition by Cav-1 in certain pathological conditions. This negative regulation is particularly important since eNOS activation has been associated with a protective effect against the development of CAS. However, the potential of Cav-1 knockdown to alleviate or inhibit the development of CAS remains to be investigated. It can be speculated that Cav-1 knockdown in endothelial cells may produce high levels of bioactive NO, which regulates the vascular tone in order to inhibit the occurrence of CAS. In the current study, an in vitro model of endothelial damage stimulated by lipopolysaccharide (LPS) treatment was established, and then the CAS environment was mimicked by the addition of acetylcholine (ACh) to investigate the effects of Cav-1 knockdown. It was hypothesized that Cav-1 knockdown in this LPS-induced model of endothelial cell dysfunction may increase ACh-stimulated NO production. It was observed that the high levels of NO induced by Cav-1 knockdown serve a vital role in the inhibition of CAS development. Therefore, targeting the interaction between CAS and Cav-1 represents a potential therapeutic strategy for CAS.
Materials and methods
Culture and identification of HUVECs. Primary human umbilical vein endothelial cells (HUVECs; ScienCell Research Laboratories, Inc., Carlsbad, CA, USA) were maintained in endothelial cell medium (ECM; ScienCell Research Laboratories, Inc.) containing 5% fetal bovine serum (FBS), 1% endothelial cell growth supplement and 1% penicillin/streptomycin. The cells were incubated at 37˚C in a humidified atmosphere with 5% CO 2 . In all experiments, cells at 90% confluence and between passages 3 and 5 were used. The cells were characterized as endothelial cells according to their morphology and factor VIII staining using an anti-factor VIII antibody (cat. no. 21458-1-AP; ProteinTech Group, Inc., Wuhan, China), which is a well-recognized marker of endothelial cells. The medium was aspirated; the cells were washed with PBS seeded on clean glass coverslips. The cells were fix with freshly made 4% paraformaldehyde (Servicebio, Wuhan, China) in PBS at room temperature for 1 h. The coverslips were rinsed with PBS three times (5 min/wash) and treated with 0.1% TritonX-100 (cat. no. T8200; Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) in PBS for 15 min at room temperature. The coverslips were rinsed with PBS three times (5 min/wash). The cells were then blocked in 10% normal blocking goat serum in PBS at room temperature for 30 min. The blocking solution was aspirated and the cells were incubated with the rabbit anti-factor VIII antibodies (1:100) for 4 h at 4˚C. The coverslips were rinsed with PBS four times (5 min/wash). Then the cells were incubated with fluorescein isothiocyanate-conjugated goat anti-rabbit immunoglobulin G (1:100; cat. no. ZF-0311; ZSGB-Bio; OriGene Technologies, Inc., Beijing, China) for 30 min at room temperature in a dark, moist environment. The coverslips were rinsed with PBS three times (5 min/wash). The coverslip were then incubated with DAPI (cat. no. C1005; Beyotime Institute of Biotechnology, Jiangsu, China) to stain the nuclei and cells were examined using a fluorescence microscope (magnification, x200).
Experimental groups. Preliminary experiments demonstrated that significant cellular damage is caused by pretreatment of HUVECs with 75 µg/ml LPS (serotype 026:B6 from Escherichia coli; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) for 24 h at 37˚C. Subsequently, these cells were treated with 10 µM ACh (Sigma-Aldrich; Merck KGaA) for 1 h at 37˚C. The cells were then divided into the following experimental groups: i) HUVECs/si-NC, which was a negative control for Cav-1 downregulation; ii) HUVECs/si-NC + LPS; iii) HUVECs/si-NC + ACh; iv) HUVECs/si-NC + LPS + ACh; v) HUVECs/siCav-1, in which Cav-1 downregulation was performed; vi) HUVECs/siCav-1 + LPS; vii) HUVECs/siCav-1 + ACh; and viii) HUVECs/siCav-1 + LPS + ACh. Subsequently, following all the treatments, the cell culture supernatants were centrifuged at 1,800 x g for 10 min at 4˚C to remove any cell debris.
Transfection and Lipofectamine assay. Small interfering RNA (siRNA) duplex oligonucleotides that were specific for Cav-1 were synthesized by Suzhou GenePharma Co., Ltd. (Suzhou; China). The sequences were as follows: siCav-1 (1), 5'-GCA UUU GGA AGG CCA GCU UTT-3'; siCav-1 (2), 5'-CCC ACU CUU UGA AGC UGU UTT-3'; siCav-1 (3), 5'-GCA GUU GUA CCA UGC AUU ATT-3'; and si-NC, 5'-UUC UCC GAA CGU GUC ACG UTT-3'. For transfection, cells (2x10 5 cells/well) were seeded into 6-well culture plates at 50-60% confluence. After 24 h, siRNA (30 pmol) mixed with 5 µl Lipofectamine RNAiMAX reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) in 250 µl serum-free Opti-MEM (Gibco; Thermo Fisher Scientific, Inc.) was added to each well and incubated for 15 min at room temperature, followed by addition of 2.5 ml ECM without serum. After 4-6 h, the transfection solution was replaced with the complete culture medium and incubated for a further 48 h at 37˚C. Subsequently, the cells were harvested and the knockdown efficiency was evaluated by western blotting.
Western blot analysis of siRNA transfection efficiency. Cells were lysed in radioimmunoprecipation assay (RIPA) buffer and phenylmethylsulfonyl fluoride (Beyotime Institute of Biotechnology, Jiangsu, China) for 15 min on ice. The total cell lysates were centrifuged at 12,000 x g for 15 min at 4˚C, and the protein concentration was measured using the BCA Protein Assay reagent (Beyotime Institute of Biotechnology). Proteins were denatured by adding 1X sodium dodecyl sulfate (SDS; Beyotime Institute of Biotechnology) loading buffer and boiled for 10 min. Next, the protein samples (~10 µg) were separated by 12% SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes (Pall Corporation, Dreieich, Germany). The blots were then blocked for 2 h at room temperature with 5% non-fat dried milk, and subsequently incubated overnight at 4˚C with the following primary detection antibodies: Rabbit polyclonal anti-CAV-1 (1:1,500; cat. no. sc-894; Santa Cruz Biotechnology Inc., Dallas, TX, USA) and rabbit polyclonal anti-GAPDH antibody (1:2,000; cat. no. BS60630; Bioworld Technology, Co, Ltd., Nanjing, China). Subsequent to washing three times (15 min per wash) with Tris-buffered saline and 0.05% Tween-20, the blots were incubated with a goat anti-rabbit secondary detection antibody (1:4,000; cat. no. ZDR-530612; ZSGB-Bio; OriGene Technologies, Inc.) for 60 min at room temperature. Following further washing, the immunoreactivity was visualized with an enhanced chemiluminescence kit (Advansta, Inc., Menlo Park, CA, USA). Relative quantification of proteins was performed using ImageLab software (version 4.0; Bio-Rad Laboratories, Inc., Hercules, CA, USA). Three independent experiments were performed for each analysis.
Cell counting kit-8 (CCK-8) assay of LPS-treated HUVEC viability.
In order to induce endothelial cell injury, HUVECs were incubated with bacterial LPS, and the cell viability was assessed using the CCK-8 assay (Dojindo Molecular Technologies, Inc., Kumamoto, Japan). The HUVECs/si-NC and HUVECs/siCav-1 were plated in flat-bottom 96-well plates (5x10 3 cells/well) and allowed to adhere for 24 h at 37˚C. Cells were then treated with various concentrations of LPS (0, 10, 25, 50, 75 and 100 µg/ml) for 24 h at 37˚C in ECM containing 2.5% FBS, while PBS was added to cells in the control group. After 24 h, the medium was removed, and the CCK-8 solution was added (10 µl CCK-8 + 90 µl ECM) to each well. The plates were then incubated for 2 h and the absorbance was detected at 450 nm in a microplate reader.
Measurement of superoxide dismutase (SOD) inhibition.
SOD inhibition was measured using the SOD Assay kit-WST kit (Dojindo Molecular Technologies, Inc.) according to manufacturer's protocol. Briefly, HUVECs were seeded in 6-well plates (1x10 5 cells/well) for 24 h prior to the addition of LPS (75 µg/ml). After 24 h, the cells were lysed in RIPA buffer and centrifuged at 10,000 x g for 15 min at 4˚C. The supernatants, enzyme-working solution and WST solution were added to 96-well plates according to the manufacturer's protocol. Finally, the absorbance was measured at 450 nm with a microplate reader. ]i levels in response to ACh treatment (10 µM), cells were loaded with the fluorescent dye Fluo4-acetoxymethyl ester (Fura4-AM; Dojindo Molecular Technologies, Inc.). Briefly, cells were seeded into a culture chamber for 24 h at 37˚C, and LPS was added for a further 24 h, followed by incubation with Fura4-AM (5 µM) for 30 min at 37˚C. Subsequent to removing the medium, cells were covered with Hank's balanced salt solution with Ca 2+ (cat. no. CC014; Macgene, Biotechnology Ltd., Beijing, China), and visualized under a fluorescence microscope (IX 70; Olympus Corp., Hamburg, Germany) at an excitation wavelength of 488 nm and emission wavelength of 512 nm. Images were acquired at 1 sec intervals for 300 sec. Alterations in the fluorescence reflecting changes in [Ca 2+ ]i were presented as the integrated optical density and were quantified using Image-Pro Plus version 6.0 software (Media Cybernetics, Inc., Rockville, MD, USA).
Measurement of a fluorescent molecular probe for analysis of intracellular
Nitrate reductase method for the detection of the NO content in cells. The NO content in HUVECs/si-NC and HUVECs/siCav-1 treated with or without LPS and/or Ach was also investigated. The culture supernatants were collected from all eight experimental groups following treatment. Next, NO concentrations were measured using a nitrate reductase method with an NO detection kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer's protocol.
Statistical analysis. All data are presented as the mean ± standard deviation. Relative Cav-1/GAPDH protein expression levels, HUVEC viability and SOD inhibition were analyzed by one-way analysis of variance for multiple-group comparisons. When a statistical difference was observed, the data were further analyzed using Bonferroni's post-hoc test with GraphPad Prism version 5 software (GraphPad Software, Inc., La Jolla, CA, USA). P≤0.05 was considered to indicate differences that were statistical significance.
Results
Characterization of cultured HUVECs. The primary HUVECs started to attach to the plates subsequent to culture for ~1 h, demonstrating a typical cobblestone-like appearance under the inverted microscope and positive immunofluorescent staining with anti-factor VIII antibody (Fig. 1) . Thus, these cells were confirmed to be HUVECs.
siRNA-mediated downregulation of Cav-1 expression in
HUVECs. Western blot analysis revealed that, among the three double-stranded siRNAs investigated, siCav-1(2) transfection presented the best efficiency at inducing a reduction in Cav-1 protein expression compared with the with HUVECs group (~70% reduction; P<0.001; Fig. 2 ). Thus, siCav-1(2) was used in all subsequent experiments in the present study.
LPS-induced a reduction in HUVEC viability. Following the incubation of HUVECs/si-NC and HUVECs/siCav-1 with different concentrations of LPS for 24 h, CCK8
analysis demonstrated that the LPS-induced cell viability was decreased in a dose-dependent manner. There were no significant alterations in the viability of HUVECs/si-NC and HUVECs/siCav-1 following treatment with LPS at the lower concentrations (10, 25 and 50 µg/ml). However, compared with the untreated cells, a significant decrease in cell viability was observed following treatment of HUVECs/si-NC and HUVECs/siCav-1 with LPS at 75 and 100 µg/ml (P<0.001). Treatment with LPS at 75 and 100 µg/ml for 24 h resulted in respective cell viabilities of 69.06 and 15.56% in the HUVECs/si-NC, and 72.90 and 13.02% in the HUVECs/siCav-1. When 100 µg/ml was used, the cell viabilities were so the subsequent experiments would have been detrimentally affected, therefore this concentration was not selected. There was no significant difference in the viability of the HUVECs/si-NC and HUVECs/siCav-1 groups when treated with LPS at 75 µg/ml; thus, 75 µg/ml LPS was used in all subsequent experiments (Fig. 3) .
LPS promoted HUVEC damage through SOD inhibition. SOD inhibition, which reflects cell damage, was determined in order to evaluate the effects of LPS on HUVECs (Fig. 4) . SOD inhibition of 55.45 and 75.36% was observed in HUVECs/si-NC following treatment with and without LPS, respectively. Similarly, SOD inhibition of 48.28 and 75.05% was observed in HUVECs/siCav-1 following treatment with and without LPS, respectively. Thus, SOD inhibition was significantly decreased in the presence of LPS (P<0.05), indicating that LPS (75 µg/ml) caused injury in HUVECs/siCav-1 and HUVECs/siCav-1.
[Ca

2+ ]i levels in response to ACh. Alterations in [Ca
2+
]i were measured in HUVECs/si-NC with or without LPS treatment prior to and following the addition of Ach, used as a marker of the CAS environment mimicked in vitro. In the HUVECs/si-NC group without LPS treatment, a rapid increase in [Ca 2+ ]i was induced, reaching a maximum followed by a sustained plateau after the addition of Ach (Fig. 5A ). Certain cells also demonstrated a [Ca 2+ ]i oscillation phenomenon (16) . In the HUVECs/si-NC group treated with LPS, a smaller peak and plateau of [Ca 2+ ]i was observed, with certain cells presenting no response to treatment with Ach (Fig. 5B) . Thus, the [Ca 2+ ]i was increased in the untreated HUVECs/si-NC group, but was unaltered in the LPS-treated cells, indicating that the LPS-induced injury influenced the level of [Ca 2+ ]i following ACh stimulation and that a CAS environment was successfully mimicked in vitro.
Downregulated Cav-1 expression enhances NO production in LPS-treated HUVECs stimulated with Ach.
A significant difference in NO content was observed between the ACh-stimulated HUVECs/si-NC groups with and without LPS treatment (P<0.01). In the group without LPS treatment, the expression of NO was significantly higher in comparison with that in the LPS-treated group (4.161±1.224 vs. 1.679±1.049 µmol/l, respectively; P<0.05; Fig. 6 ). Similarly, in the HUVECs/siCav-1 group, the content of NO in the ACh-stimulated group without LPS treatment was significantly higher compared with that in the group treated with LPS (P<0.001). In the absence of LPS pretreatment, there was a significant difference in the NO expression between the HUVECs/si-NC and HUVECs/siCav-1 groups following ACh stimulation (P<0.001). Following ACh stimulation, the NO content in LPS-treated HUVECs/siCav-1 was significantly higher when compared with that in the LPS-induced HUVECs/si-NC cells (3.869±0.7679 vs. 1.241±0.3674 µmol/l, respectively; P<0.05; Fig. 6 ). No significant difference in NO content was identified in LPS-treated HUVECs/si-NC with or without ACh. Additionally, no significant difference in NO content was identified in LPS-treated HUVECs/siCav-1 with or without ACh.
Discussion
In the current study, a CAS microenvironment model for endothelial cells was successfully established as observed The presence of an intact endothelium is essential for ACh to induce dilation of isolated arteries by NO release. It has been observed that ACh stimulation induces arterial constriction in the absence of the endothelium, due to a reduced bioavailability of NO resulting from its decreased formation or accelerated degradation (5, 17) . The current study demonstrated that when the endothelium was damaged, ACh treatment did not increase the [Ca 2+ ]i; however, the inhibitory role of the Cav-1/eNOS complex cannot be dismissed. The endothelium-dependent agonists, ACh and bradykinin, increase [Ca 2+ ]i and then increase the Ca 2+ /calmodulin complex, which in turn, activates eNOS (18) . The elevation of [Ca 2+ ]i in endothelial cells induced by ACh is the result of Ca 2+ release from intracellular stores and transmembrane Ca 2+ influx (19, 20) . The endothelial target for ACh is widely expressed in the vascular endothelium, and the endothelium-dependent relaxation mediated by the receptor is considered to be the classical indicator of the endothelial dysfunction (21, 22) . It has been demonstrated that the expression and bioactivity of the endothelial target for ACh is decreased by endothelial damage. In addition, Cav-1/eNOS binding can be reversed by calcium influx and increased Ca 2+ /calmodulin complex formation (23) . Therefore, ACh can initiate endothelial cell signaling transduction, leading to decreased NO formation via numerous pathways, including the Ca 2+ /calmodulin signaling pathway (24) . In vitro models of spasm in arteries exposed to ACh and pharmacological provocation tests using ACh or ergonovine are well established and have been widely used in the diagnosis of coronary spastic angina (25) . However, there are few reports that describe the use of endothelial cells in a model of the CAS microenvironment.
Numerous studies have generated models of coronary spasm using isolated arteries, which contain endothelial and smooth cells; thus, these models are not suitable for investigating the roles of the different cell types. Therefore, for improved investigation of the role of Cav-1 in endothelial cells, it is hypothesized that the alterations in [Ca 2+ ]i in LPS-damaged cells stimulated with ACh can be considered ]i, reaching a maximum level at a different time-points for every cell, followed by a sustained plateau in [Ca 2+ ]i that declined slowly toward the baseline. In addition, a [Ca 2+ ]i oscillation phenomenon was observed with peak and plateau levels occurring regularly. In the HUVECs/si-NC group with LPS treatment, the addition of ACh (10 µM) at 10 sec resulted in a smaller peak and plateau compared with those observed in the group without LPS treatment, with certain cells not presenting any response. In the present study, it was observed that the siRNA-mediated downregulation of Cav-1 increased the production of NO when LPS-damaged HUVECs were exposed to ACh. This highlighted Cav-1 inhibition as a potential therapeutic target that may promote NO levels in CAS. These effects are consistent with a previous study that revealed significantly higher basal NO release in Cav-1 knockout mice when compared with that in wild-type mice (26) . Furthermore, in the absence of Cav-1, arteries exhibited a lack of steady contractile tone as well as increased relaxation with high NO generation following ACh stimulation (26) .
The current study demonstrated that Cav-1 downregulation increased the release of NO when LPS-damaged HUVECs were stimulated by ACh. However, the limitations of the study should be noted. The molecular mechanism of signal transduction is complicated and the marker used in the model employed in the present study requires further investigation. Although the results of the study indicated the regulatory influence of Cav-1 on NO, a more mechanistic understanding is necessary to fully clarify how Cav-1 influences eNOS and NO following ACh stimulation. Furthermore, the present study was based on an in vitro system and since Cav-1 serves a vital role in cells, the degree of Cav-1 knockdown requires further investigation to prevent the occurrence of CAS without affecting other Cav-1 functions.
In conclusion, the present study revealed that LPS and ACh stimulation downregulated Cav-1 expression in a CAS microenvironment, which may serve a key role in NO production. Therefore, Cav-1 may be a potential therapeutic target in an efficient management of coronary spasm.
